Graft-versus-host disease (GVHD) is a major obstacle in allogeneic hematopoietic cell transplantation. Given the dynamic changes in immune cell subsets and tissue organization, which occur in GVHD, localization and timing of critical immunological events in vivo may reveal basic pathogenic mechanisms. To this end, we transplanted luciferase-labeled allogeneic splenocytes and monitored tissue distribution by in vivo bioluminescence imaging. High-resolution analyses showed initial proliferation of donor CD4 ؉ T cells followed by CD8 ؉ T cells in secondary lymphoid organs with subsequent homing to the intestines, liver, and skin. Transplantation of purified naive T cells caused GVHD that was initiated in secondary lymphoid organs followed by target organ manifestation in gut, liver, and skin. 
Introduction
Allogeneic hematopoietic cell transplantation (HCT) has proven to be an effective therapy for a variety of life-threatening malignancies. 1 The beneficial effects of HCT are due to the graft-versustumor reaction, which is capable of destroying residual tumor cells that persist after chemotherapy or radiation therapy. 2 However, allogeneic HCT is limited by the immunologic recognition and destruction of host tissues, termed graft-versus-host disease (GVHD). Acute GVHD continues to be a major source of morbidity and mortality following HCT, which limits treatment of a broader spectrum of diseases, such as autoimmune diseases or organ transplant rejection. 3, 4 Tissue-specific destruction of GVHD target organs, as gastrointestinal tract, liver, and skin, underlines the importance of migration capacities of alloreactive T lymphocytes. 5, 6 In the current study we aimed to determine the time points of organ infiltration and focused on the role of different lymphoid organs in initiating acute GVHD. We used in vivo bioluminescence imaging (BLI) to analyze the migration pattern of whole splenocytes after transplantation into allogeneic recipients. BLI has already proven to be a sensitive and accurate means of characterizing engraftment patterns of hematopoietic stem cells, of monitoring tumor cell growth, and of assessing response to conventional and biological therapies. [7] [8] [9] We also aimed to clarify the role of different T-cell subsets during GVHD development. It is reported in the literature [10] [11] [12] that CD4 ϩ effector memory T (T EM ) cells do not cause GVHD. This prompted us to characterize their trafficking and proliferation pattern in vivo, while comparing it to purified naive CD4 ϩ T lymphocytes.
Materials and methods

Mice
FVB/N (H-2 q , Thy1.1) mice and Balb/c mice (H-2 d , Thy1.2) were purchased from Jackson Laboratory (Bar Harbor, ME). The luciferaseexpressing (luc ϩ ) transgenic FVB/N line was generated as previously described. 9 Female heterozygous luc ϩ offspring of the transgenic founder line FVB-L2G85 were used for all transplantation experiments. All animal studies were performed under institutional approval.
Flow cytometric cell purification and analysis
The following antibodies were purchased from BD Pharmingen (San Diego, CA) and eBiosciences (San Diego, CA) and used for fluorescenceactivated cell-sorting (FACS) on an LSR flow cytometer (Becton Dickinson, Mountain View, CA): CD3⑀ (145-2c11), CD4 (RM4-5), CD8␣ (53-6.7), CD11b/Mac-1 (M1/70), CD25 (PC61), CD44 (IM7), CD45R/ B220 (RA3-6B2), CD62L (MEL14), CD69 (H1.2F3), Gr-1 (RB6-8C5), H-2K q (KH114), H-2D q (KH117), H-2D d (34-2-12) , LPAM-1/␣4␤7 (DATK32), NK1.1 (PK136), Thy1.1 (H1S51), Thy1.2 (53-2.1). Dead cells were excluded by propidium iodide staining shortly before FACS.
For transplantation of T-cell subsets, splenic single-cell suspensions from FVB-L2G85 mice were enriched with CD4-conjugated magnetic beads using the AutoMACS system (Miltenyi Biotech, Auburn, CA). After a single enrichment step approximately 80% of splenocytes were CD4 ϩ before incubation with CD44-phycoerythrin (PE), CD62L-fluoroscein isothiocyanate (FITC), and CD4-allophycocyanin (APC) and sorted into naive CD4 ϩ T cells (CD44 Ϫ CD62L ϩ ) or effector memory CD4 ϩ T cells (CD44 ϩ CD62L Ϫ ) on a dual laser FACS (Becton Dickinson) to more than 99% purity.
FACS analyses were performed on single-cell suspensions from cervical lymph nodes (cLNs), inguinal lymph nodes (iLNs), mesenteric lymph nodes (mLNs), Peyer patches (PPs), and spleen at indicated time points after HCT. For cell proliferation analysis splenocytes (1 ϫ 10 7 /mL) were resuspended in plain phosphate-buffered saline (PBS) and stained with Vybrant CFDA SE (carboxyfluorescein diacetate, succinimidyl ester) Tracer kit (Molecular Probes, Eugene, OR) at a final concentration of 5 M for exactly 6 minutes at 37°C. Immediately after staining, cells were washed in 5 volumes of ice-cold RPMI plus 10% fetal bovine serum (Gibco, Life Sciences, Grand Island, NY) twice, resuspended in PBS, and counted before intravenous injection. Flow cytometric data were analyzed with FlowJo Software (Treestar, Ashland, OR).
Mixed leukocyte reaction
Unseparated splenocytes (10 5 ) or fluorescence-sorted T-cell subsets from L2G85 FVB/N (H-2 q ) donor mice were used as responders and mixed with irradiated (3000 cGy) allogeneic Balb/c splenocytes (H-2 d ) as stimulators for MLRs. Responder-stimulator ratios were chosen to be 1:0, 1:1, and 1:4. Cultures were set up in triplicates in 96-well flat-bottom plates in a total volume of 200 L. Cells were cultured in RPMI 1640 medium with 10% fetal calf serum (FCS), 10 mM HEPES (N-2-hydroxyethylpiperazine-NЈ-2-ethanesulfonic acid), 1% nonessential amino acids, 2 mM L-glutamine, 100 U/mL penicillin, 100 g/mL streptomycin (all from GIBCO), and 5 g/mL 2-mercaptoethanol (Sigma-Aldrich, St Louis, MO). Proliferation was assessed after 5 days by pulsing the cells with 0.037 MBq/well (1 Ci/well) [ 3 H]thymidine (Amersham Biosciences, Freiburg, Germany) for the last 16 hours. Cells were harvested onto filter membranes using a Wallac harvester (Perkin-Elmer, Shelton, CT) and the amount of incorporated [ 3 H]thymidine was measured with a Wallac Betaplate counter (Perkin-Elmer).
Syngeneic and allogeneic HCT and in vivo imaging
To condition mice for HCT, a Phillips Unit Irradiator (250 kv, 15 milliamp) was used to deliver lethal radiation on day 0 relative to transplantation. Female 8-to 12-week-old HCT recipient mice received 2 split doses of either 400 cGy (allogeneic Balb/c recipients) or 450 cGy (syngeneic FVB/N recipients) 3 to 4 hours apart. For hematopoietic reconstitution, animals were injected with 5 ϫ 10 6 FVB/N wild-type BM cells intravenously within 3 hours after the second dose of radiation. To induce acute GVHD, wild-type mice were coinjected intravenously with FVB/N-L2G85 luc ϩ splenocytes or with FACS sorted T-cell subpopulations from the spleen of 8-to 12-week-old female donors or 8-to 10-month-old donors, respectively. In vivo bioluminescence imaging (BLI) was performed as previously described, using an IVIS100 charge-coupled device (CCD) imaging system (Xenogen, Alameda, CA). 8 
Ex vivo imaging and analysis
After in vivo BLI, mice were injected with an additional dose of luciferin (150 g/g bodyweight, intraperitoneally). Five minutes later, animals were humanely killed. Selected tissues were prepared and imaged for 5 minutes. Tissue processing was timed to stay within a period of 3 minutes. Ex vivo BLI resulted in high-resolution images displaying signal foci within organs of interest and directed the embedding of tissues for histology as well as cell extraction for FACS analysis. Imaging data were analyzed and quantified with Living Image Software (Xenogen) and Igor (WaveMetrics, Lake Oswego, OR).
In vitro imaging of hematopoietic subpopulations
For analysis of luciferase expression in hematopoietic subsets, splenocytes were obtained from 8-week-old female luc ϩ transgenic FVB/N mice. Cell populations were FACS sorted to more than 99% purity. Cells were placed into black flat-bottom 96-well tissue culture plates and incubated in complete RPMI (Gibco Lifetechnologies, plus 1% penicillin/streptomycin, 1% L-glutamine, 10% fetal calf serum, and 0.1% mercaptoethanol) for 12 hours. Prior to imaging, 2 L of luciferin (30 mg/mL) were added into each well containing exactly 1 ϫ 10 5 cells in 200 L media. After BLI, cells were reanalyzed by propidium iodide staining and flow cytometry to exclude dead cells from the calculation of light emission per cell.
Immunofluorescence microscopy
Tissues were sampled over the time course of 6 days and cryopreserved at Ϫ80°C. Fresh frozen sections of 5 m thickness were mounted on positively charged precleaned microscope slides (Superfrost/Plus; Fisher Scientific, Hampton, NH) and stored at Ϫ80°C. The sections were initially thawed for 20 minutes at room temperature (RT). After acetone fixation (7 minutes at RT) and air drying (3 minutes), sections were incubated with blocking solution (PBS ϩ 2% FCS) for 15 minutes. Incubations with primary antibodies were performed for 1 hour at RT. Directly conjugated antibodies were used for lineage determination of T lymphocytes (CD8-FITC and CD4-PE; BD Pharmingen) diluted 1:200 in 1 ϫ PBS. The donor T-cell marker Thy1.1-APC (BD Pharmingen) was used 1:100 in PBS. Nuclei were stained with DAPI (4Ј,6-diamidino-2-phenylindole). Washing steps after antibody incubation and DAPI staining were performed in 1 ϫ PBS (3 times, 3 minutes each). Fluorescence microscopic evaluation was performed on a Nikon microscope (Eclipse, TE 300; Melville, NY). Microscopic photos were obtained using a Spot digital camera (Diagnostic Instruments, Sterling Heights, MI). Digital images were saved as TIFF files and inserted and processed in PowerPoint (Microsoft Office, Redmond, WA). Standard magnifications were 200ϫ/numerical aperture 0.45 and 400ϫ/numerical aperture 0.60.
Results
Tracking luc ؉ transgenic donor cells after HCT
To study proliferation and migration of unmanipulated donor cells in vivo, we used a luciferase (luc)-expressing transgenic donor mouse line (designated L2G85; FVB/N background). The transgene consisted of the chicken-␤-actin promoter and a dual reporter gene, comprising the coding sequences for luc and enhanced green fluorescent protein (eGFP). Splenic T cells as well as other hematopoietic cells from L2G85 donors expressed luciferase; the level of light emission was similar for CD4 ϩ and CD8 ϩ T cells, and was highest for CD11b ϩ populations. 9 eGFP was only detected in a few nonhematopoietic tissues such as skin and heart muscle of newborn L2G85 mice, but not in hematopoietic cell lineages.
To characterize the acute GVHD induction potential of FVB/N splenocytes (H-2 q ) in Balb/c recipients (H-2 d ), we performed mixed leukocyte reactions (MLRs). FVB/N splenocytes proliferated in a similar fashion to C57Bl/6 splenocytes against Balb/c stimulators. FVB-L2G85 luc ϩ transgenic splenocytes were functionally comparable to FVB/N wild-type splenocytes (data not shown). MLR could also demonstrate that the luc ϩ transgene was not recognized immunologically (data not shown).
To establish optimal study conditions for acute GVHD we performed HCT experiments in lethally irradiated Balb/c recipients receiving 5 ϫ 10 6 FVB/N bone marrow (BM) cells to re-establish hematopoiesis by intravenous injection. FVB/N bone marrow alone rescued all Balb/c recipients from irradiation-induced lethality, without signs of GVHD ( Figure 1A ). In contrast, addition of increasing numbers of FVB-L2G85 luc ϩ splenocytes induced acute lethal GVHD in a dose-dependent manner. While most animals recovered following an injection of 5 ϫ 10 5 splenocytes, the majority of animals succumbed within 12 days following an injection of 1 ϫ 10 6 and 4 ϫ 10 6 splenocytes. The latter group of mice displayed all features of acute GVHD, including diarrhea, weight and hair loss, and hunched back. Since we aimed to investigate the most severe course of acute lethal GVHD, we decided to use 4 ϫ 10 6 luc ϩ splenocytes for subsequent experiments.
In vivo BLI shows temporal and spatial dynamics of acute GVHD
Allogeneic Balb/c recipients showed a dramatic BLI signal increase within the first 6 days after transfer of 4 ϫ 10 6 luc ϩ splenocytes as measured by total body photon emission. BLI revealed signals from the abdominal region, the spleen, and the cervical lymph node area within 1 day after transfer (Figure 1B, Figure 1 . Transplantation of transgenic luciferase ؉ splenocytes. (A) Transplantation of allogeneic FVB/N splenocytes induces acute lethal GVHD in a cell dose dependent manner. All animals that received transplants of 5 ϫ 10 6 allogeneic bone marrow cells (Ⅺ; n ϭ 10) survive without GVHD, whereas mice receiving lethal irradiation (800 rad) without subsequent HCT die of the consequences of myeloablation (ϫ; n ϭ 7). HCT recipients that received transplants of 5 ϫ 10 6 allogeneic bone marrow plus 5 ϫ 10 5 allogeneic splenocytes (OE; n ϭ 10), or plus 1 ϫ 10 6 allogeneic splenocytes (; n ϭ 10) develop acute GVHD. Mice that received transplants of bone marrow plus 4 ϫ 10 6 allogeneic splenocytes die of lethal acute GVHD within 2 weeks after HCT (᭜; n ϭ 10). Displayed are pooled results from 2 independent experiments. (B) BLI and (C) ex vivo imaging demonstrate a dynamic process of cell proliferation and migration with distinct distribution patterns in syngeneic versus allogeneic HCT recipients. Syngeneic splenocytes (top row) home initially predominantly to the liver and display signs of hematopoietic engraftment by day 6. By day 14, syngeneic HCT display predominant signals from the bone such as femura, pelvis, and sternum, but also spleen and thymus. Allogeneic transplanted splenocytes (bottom panel) initially proliferate in secondary lymphoid organs before infiltrating the intestines at day 4, liver and skin (ears) between day 5 and 6. Animals with an oversaturating light signal are displayed with increased signal thresholds to resolve the predominant organ distribution. One representative animal for each group is shown over time. Ex vivo imaging of the gastrointestinal tract and spleen of syngeneic animals (C, top row) reveals only transient migration of splenocytes to Peyer patches and mesenteric lymph nodes but an increase of light emission from the spleen. In contrast, allogeneic splenocytes (C, bottom row) migrate to and proliferate in these lymphoid organs before infiltrating mucosal sites. Signals from the entire intestines start to peak at day 6 before animals succumb to acute lethal GVHD.
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To distinguish homeostatic cell proliferation and engraftment from acute GVHD we simultaneously transplanted luc ϩ L2G85-FVB splenocytes plus wild-type FVB/N bone marrow cells into syngeneic recipients (FVB/N, wild type; Figure 1B , upper panel). BLI on syngeneic recipients showed waves of transient homing and proliferation over the liver in the first days after transplantation. The spleen showed weak BLI signals until day 5 after syngeneic transplantation. Starting on day 6 we observed signs of hematopoietic engraftment, predominantly in femura and pelvis and in the spleen (day 14), while distinct signals were also apparent over the thymus (day 14).
Ex vivo BLI defines mLN, PP, and spleen as crucial sites of alloreactive expansion
Due to dramatic signal increases over the abdomen of allogeneic recipients, we decided to investigate this compartment in greater detail. First, we established optimal conditions for ex vivo imaging of bioluminescent signals from freshly prepared organs, with a particular focus on the gastrointestinal tract (GIT). Subsequently, we humanely killed representative animals of each experimental group and prepared the GIT for ex vivo analyses ( Figure 1C ).
Within 12 hours after transplantation, ex vivo analyses of allogeneic GIT tissues revealed signals over Peyer patches (PPs) and mesenteric lymph nodes (mLNs; Figure 1C , lower panel). Furthermore, we observed transient BLI signals over gastric fundus 13 and perirectal LNs. By days 2 and 3 signals dramatically increased over PPs, mLNs, the celiac patch, and spleen. By day 6 the entire GIT showed strong and diffuse BLI positivity, including small bowel, large bowel, stomach, and esophagus of allogeneic recipients. These findings correlated well with the symptoms of acute gut GVHD.
Syngeneic GIT samples on day 1 showed weak BLI signals, similar in distribution and strength to allogeneic recipients at this early time point ( Figure 1C, upper panel) . In contrast, BLI signals on syngeneic recipients remained weak throughout the first 5 days after splenocyte transfer. The signals were indicative of transient infiltration of lymphoid organs without signs of active proliferation or signs of GVHD. Ex vivo analysis of the syngeneic spleen confirmed a BLI signal increase, indicative of either hematopoietic engraftment or homeostatic proliferation.
Initial CD4 ؉ T-cell expansion in lymphatic organs shifts rapidly to CD8 ؉ response Due to the dramatic GIT involvement at early time points during acute GVHD we explored the infiltration of allogeneic donor T cells in greater detail. We used BLI to target sites for analysis by triple-color immunofluorescence. Fresh frozen sections were stained for CD4, CD8, and the donor-specific T-cell marker Thy1.1. PPs showed infiltration of CD4 ϩ donor T lymphocytes in parafollicular T zones as early as 12 hours after transfer (Figure 2A,E,I ). Thy1.1 ϩ donor T cells were not found in subepithelial dome regions (SEDs) or B-cell follicles of PPs at this early time point (12 hours after transfer). Similarly, donor T cells showed specific homing within 12 hours to the subcortical T zones of cLNs, mLNs, and periarteriolar lymphoid sheaths (PALSs) of the spleen (data not shown). By day 3 a significant increase in BLI signals of PPs, mLNs, and the spleen was observed, suggesting proliferation ( Figure 2B ). Histological examination revealed that PPs were beginning to collapse and were infiltrated primarily by CD4 ϩ donor T cells ( Figure 2F,J) . By day 4 BLI signals spread out into adjacent areas of PPs to become confluent in the aboral parts of the small bowel (ileum and jejunum; Figure 2C) . A dense infiltration of donor-derived CD4 ϩ T cells could now be observed in the PPs (Figure 2G,K) . By day 6 complete infiltration of the small and large bowel was apparent ( Figure 2D ). By this time the PPs had collapsed and were now mainly infiltrated by donor CD8 ϩ cells, which had also diffusely infiltrated the entire intestinal mucosa ( Figure 2H,L) .
We did not observe donor B-cell infiltration (CD19 ϩ , H-2k qϩ ) in PPs at any of the analyzed time points. Most PP follicles instead demonstrated radiation-induced necrosis at early time points (12, 24 , and 48 hours), surrounded by foamy macrophages, which showed a high degree of autofluorescence (either cytoplasmic, or as amorphic and anuclear signals), particularly in the green color channel ( Figure 2I-L) .
mLNs, spleen, and small bowel were also analyzed at days 3, 4, and 6 after HCT (Figure 3 ). On day 3, predominantly CD4 ϩ donor lymphocytes were observed in mLNs, spleen ( Figure 3A ,E), while the small bowel was still negative for donor T cells ( Figure 3I ). By day 4 infiltration of donor CD8 ϩ T cells became more predominant in mLNs and spleen, while the intestinal mucosa now showed infiltration by CD4 ϩ donor T cells ( Figure 3B,F,J) .
We furthermore observed donor-cell infiltration also in other target organs of allogeneic recipients, such as skin, liver, and colon. By day 6 these infiltrates consisted of both donor-derived CD4 ϩ and CD8 ϩ T cells, which were often found in direct cellular contact ( Figure 3M,N,O) .
Control tissues of mice, which received only lethal irradiation 6 days prior to sampling, stained negative for the donor marker Thy1.1. Interestingly, PPs were the only site where CD4 ϩ host T cells seemed to survive until day 6 ( Figure 3P ). In contrast only few weakly stained CD4 ϩ host cells were found in mLNs, spleen, and intestinal tissues at this time point ( Figure 3D,H,L) .
To gain further insight into the composition of the cellular infiltrates of PPs, mLNs, spleen, and small intestines, we counted the number of donor CD4 ϩ and CD8 ϩ T cells per microscopic high-power field (ϫ 400). In all tissues CD4 ϩ T cells preceded CD8 ϩ T-cell infiltration ( Figure 4A ). The spleen was the first lymphatic organ to show a shift in favor of the CD8 ϩ donor population, resulting in a CD4/CD8 ratio of 1:1.5 on day 4. The mLNs displayed a similar shift on day 5 equaling a CD4/CD8 ratio of 1:1.8.
Donor T cells expressing the gut-homing receptor ␣4␤7 integrin arise from distinct lymphoid organs
To study phenotypic changes of infiltrating donor T cells we characterized the expression of activation markers such as CD25, CD44, and CD69 on donor CD4 ϩ and CD8 ϩ T cells. We used FACS to analyze donor-cell infiltrates in spleen, cLNs, mLNs, iLNs and PPs of animals that received transplants at specific time points ( Figure 4B ). Only few donor cells were identified at the earliest time point after intravenous injection (12 hours). Analysis of samples from day 3 in contrast showed an appreciable number of donor CD4 ϩ and CD8 ϩ T cells, of which approximately 70% to 80% expressed the activation marker CD44. By day 6 more than 93% of the donor T cells were CD44 ϩ . CD69 expression in contrast followed a different time course, showing highest expression (approximately 25%) on day 3, while gradually declining on day 4 and 6. These changes of activation markers on donor T cells were comparable between PPs, mLNs, cLNs, and spleen.
We also evaluated expression of the homing receptors ␣4␤7 integrin and L-selectin (CD62L; Figure 4B , bottom panels). [14] [15] [16] In the spleen donor, CD4 ϩ T cells mostly expressed CD62L but not ␣4␤7 at early time points (12 hours and 3 days), whereas a significant proportion of donor-derived CD8 ϩ T cells expressed both ␣4␤7 and CD62L (12 hours). Over time CD62L expression was lost, while ␣4␤7 became up-regulated. As shown by BLI and confirmed by histology, day 3 was the latest time point that alloreactive donor T cells were confined to lymphoid organs before infiltrating mucosal GVHD target sites. Therefore, detailed analysis of ␣4␤7 expression on donor CD4 ϩ and CD8 ϩ T cells in different tissues was performed on day 3, since this time point appeared to be critical to the activation and homing of alloreactive T cells. Within PPs and mLNs a significant number of donor CD4 ϩ and CD8 ϩ T cells up-regulated the gut-homing receptor ␣4␤7 ( Figure 4C ). This stood in contrast to cLNs, in which only very few ␣4␤7 ϩ cells were detected. We also found significant numbers of ␣4␤7 ϩ donor CD8 ϩ T cells in the spleen. On day 6, ␣4␤7 ϩ donor T cells of CD4 ϩ and CD8 ϩ origin were observed in all lymphoid tissues (data not shown). Interestingly, we observed a link between proliferation stage and up-regulation of homing molecules, as demonstrated by CFSE (carboxyfluorescein succinimidyl ester) analysis ( Figure 4D) . Before, or possibly during the first cell cycle, donor CD4 ϩ and CD8 ϩ T cells down-regulated ␣4␤7. After a phase of slow and modest up-regulation between generations 2 and 5, ␣4␤7 integrin became highly up-regulated after the sixth cell division. This phenomenon was most pronounced in donor T cells derived from the mLN ( Figure 4D ).
In summary, ex vivo imaging, histology, and FACS analysis revealed the initiation of GVHD in secondary lymphoid organs. Gut-homing alloreactive T cells were shown to develop specifically in Peyer patches, mLNs, and spleen, but not in peripheral lymphoid organs such as cLNs and iLNs.
Trafficking of naive and effector memory CD4 ؉ T cells
As described under "Initial CD4 ϩ T-cell expansion in lymphatic organs shifts rapidly to CD8 ϩ response," above, the combination of CD4 ϩ and CD8 ϩ T lymphocytes contained in the transplanted splenoctytes induced acute GVHD. Furthermore, FACS-sorted CD4 ϩ or CD8 ϩ T cells transplanted separately both caused acute lethal GVHD (data not shown). Since GVHD initiation took place exclusively in secondary lymphoid organs, we wanted to test whether T-cell subsets incapable of Figure 2 . BLI of gastrointestinal tissues and spleen combined with histology and immunofluorescence microscopy of Peyer patches during induction of acute GVHD. (A-D) Until day 3 after allogeneic HCT, BLI signals increase over Peyer patches (PPs), mesenteric lymph nodes (mLNs) and the spleen, while staying confined to these organs. Day 4 represents a transition, showing spread of BLI signals within the small bowel, preferentially in areas adjacent to PPs. Day 6 shows a diffuse BLI signal, covering the entire GIT. BLI signal increased over the spleen until day 3 and remained highly positive until day 6. (E-H) In H&E staining, the PPs of day 1 show irradiation-induced necrosis of B-cell follicles surrounded by large macrophages loaded with nuclear debris, which showed a high degree of green autofluorescence (compare panels I-L). Between days 3 and 4 the B-cell follicles disappear completely and are replaced by histiocytic infiltrates, while the T-cell zones appear to be conserved. On day 6 the architecture of PPs is further disturbed by a collapse of dome regions, leaving behind a flat structure, diffusely infiltrated by lymphocytes. (I-L) Triple-color staining performed with CD4-PE (red), CD8-FITC (green), and Thy1.1-APC as donor-specific marker (blue). CD4 ϩ donor T cells specifically home to parafollicular T-cell areas of PPs within 1 day after transfer of splenocytes, while completely sparing subepithelial dome regions and B-cell follicles. Donor-derived CD4 ϩ T cells clearly dominate in PPs over CD8 ϩ T cells until day 3 and stay confined to the T-cell areas. The transition on day 4 shows a diffuse emigration of donor T cells, which become visible in the small bowel mucosa and submucosa adjacent to the PPs. On day 6 the PPs and other parts of the intestinum are diffusely infiltrated by donor T cells, now predominantly CD8 ϩ .
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For personal use only. on July 20, 2017. by guest www.bloodjournal.org From entering these sites would cause GVHD. T EM cells are a heterogeneous cell population characterized by several surface markers. 17, 18 A common denominator of T EM cells is the lack of homing receptors such as L-selectin and chemokine receptor 7 (CCR7), which are found on naive T cells and allow for migration from the bloodstream into T-cell zones of lymph nodes and Peyer patches. [19] [20] [21] The aim was to compare T EM cells with purified naive T cells regarding their migration pattern and their potential to cause GVHD. We FACS sorted triplicates of 10 5 luc ϩ naive T cells (CD4 ϩ CD44 Ϫ CD62L ϩ ) and T EM cells (CD4 ϩ CD44 ϩ CD62L Ϫ ) into 96-well plates ( Figure 5A ). BLI revealed that FACSsorted luc ϩ T EM cells emitted 3-fold more photons/cell/second than naive T cells ( Figure 5B ). Triple-color immunofluorescence microscopy (IFM) of secondary lymphatic tissues and GVHD target organs. IFM was performed using 3 T-lymphocyte markers (antibody-conjugates): CD4-PE (red), CD8-FITC (green), and the donor-specific T-cell marker Thy1.1-APC (blue). Fresh frozen tissues sampled on 3 time points after transfer of allogeneic splenocytes (3, 4, and 6 days) are shown for mesenteric lymph nodes (mLNs) (panels A-C), spleen (panels E-G), and small bowel (panels I-K). Lymphatic tissues of day 3 (panels A,E) display a predominant infiltration by CD4 ϩ donor T cells, which are confined to the corresponding T zones of mLNs and spleen, while target organs of day 3 remain negative for donor T cells. Day 4 represents a dramatic change in that the small bowel mucosa as a GVHD target tissue (panel J) is now infiltrated by donor T lymphocytes, predominantly CD4 ϩ , while lymphatic organs (panels B,F) shift to an expansion of CD8 ϩ donor T cells (compare also Figure 4A ). On day 6 all relevant GVHD target tissues are infiltrated by donor T cells, now predominantly CD8 ϩ , which are frequently in contact with CD4 ϩ T cells of donor origin and sporadically with host CD4 ϩ T cells (panels K,M-O). CD4 ϩ and CD8 ϩ T cells of host origin have mostly disappeared in mLNs, spleen, and small bowel of control tissues of Balb/c mice on day 6 after irradiation, which had not received an allogeneic transplantion (panels D,H,L). In contrast, PP samples of this control mouse show numerous CD4 ϩ host T cells, which display a distinct membrane staining (panel P). The costaining for Thy1.1 was negative on all of the control tissues. BEILHACK et al BLOOD, 1 AUGUST 2005 ⅐ VOLUME 106, NUMBER 3 For personal use only. on July 20, 2017 . by guest www.bloodjournal.org From Young donor mice (8-10 weeks) that are kept in a laboratory setting have a rather small T EM -cell pool, while the naive T-cell pool is large. It is known that naive T cells have a highly diverse T-cell receptor repertoire. 17 If a diverse T-cell repertoire is more likely to contain alloreactive T-cell clones, the size of this T-cell pool becomes of high importance. To this end we performed mixed leukocyte reactions in which we compared proliferation of FACSsorted naive T cells versus T EM cells derived from either young donors (8-10 weeks of age) or aged donors (8-10 months; Figure  5C ). Naive allogeneic T cells (CD4 ϩ ) from young and aged donors proliferated in this MLR at a comparable level to whole splenocytes. Of importance, T EM cells from aged donors were highly alloreactive in these MLRs, in contrast to T EM cells from young donors.
It remained to be tested whether both T-cell subsets would be capable of inducing GVHD in vivo. Therefore, we transplanted 5 ϫ 10 5 sorted CD4 ϩ naive T cells versus T EM cells (purity Ͼ 99%) from luc ϩ transgenic FVB/N donors together with 5 ϫ 10 6 wildtype bone marrow cells. Mice given transplants of naive T cells died of acute GVHD within 40 to 60 days in contrast to a 100% survival in mice that received the same number of T EM cells from aged donors (Figure 5D ). Despite the strong in vitro proliferation, T EM cells from aged donors did not cause GVHD (Figure 5D-E) . Naive T cells showed homing to PPs, mLNs, and spleen followed by a rapid expansion, comparable to BLI patterns observed after whole splenocyte transfer ( Figure 5E ). In contrast, T EM cells from aged donors showed only transient homing to liver and noseassociated lymphatic tissues (NALTs) with limited T EM cell expansion in allogeneic recipients ( Figure 5E ).
Histomorphologic evaluation of liver samples confirmed a severe graft-versus-host reaction on the bile ducts of mice that had received CD4 ϩ naive T lymphocytes from aged donors 6 days prior, equaling a grade IV GVHD. [22] [23] [24] We observed a widespread loss of bile duct epithelia (Ͼ 80%) in these animals ( Figure 5F , arrow), accompanied by a diffuse infiltration of lymphocytes in the portal triads. Furthermore, hepatocytes in these animals showed fatty changes and hydropic degeneration as potential signs of inflammation and metabolic stress. In contrast, liver samples of mice that had received allogeneic CD4 ϩ T EM cells from aged donors 6 days prior displayed intact bile ducts with regular epithelia without apoptosis ( Figure 5G, arrow) . We did not find any signs of inflammation within the portal triads of these mice, while hepatocytes looked normal throughout the observation period. Rarely, we found single lymphocytes in perivascular regions. occurred first in the spleen on day 4 and later in other lymphoid organs. Donor CD4 ϩ T cells appear in the small intestines after extensive proliferation in lymphoid organs not earlier than day 4 after HCT followed by infiltrating cytotoxic T cells (Standard deviation was calculated using cell counts from 3 to 4 HPFs of 2 experimental mice for each time point). (B) FACS analysis of donor (H-2K qϩ ) lymphocytes reveals changes in expression profiles of activation and homing markers. The up-regulation of CD69 in donor CD4 ϩ and CD8 ϩ T cells is followed by CD44 expression. Up-regulation of ␣4␤7 differs between donor CD4 ϩ and CD8 ϩ T cells in the spleen. Shown is a representative experiment (of 2-3 independent experiments) in which cells were pooled from the spleens of allogeneic transplant recipients (n ϭ 3-5/time point). The numbers in each quadrant represent percentages of cells. (C) Donor CD4 ϩ T cells with gut-homing potential appear in PPs and mLNs until day 3 after HCT before donor CD4 ϩ T cells start to appear in mucosal sites of the intestines. On day 3 after HCT the frequency of ␣4␤7 hi donor CD4 ϩ T cells in PPs and mLNs is significantly higher in cells primed in vivo by PPs and mLNs versus spleen and cLNs. ␣4␤7 hi donor CD8 ϩ T cells can be found in the spleen in addition to PPs and mLNs, but only a few are found in cLNs. Error bars indicate the standard deviation of 3 independent experiments. (D) CFSE proliferation analysis demonstrated that it takes more than 5 cell divisions before up-regulation of ␣4␤7 integrin occurred in mLNs (Ͼ 98% of all ␣4␤7 hi ). Peripheral LNs such as cLNs and iLNs do not contain gut-homing T cells. (PPs are not shown because of too-low cell yields for CFSE analysis.)
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Taken together, naive T cells caused GVHD that was initiated in secondary lymphoid organs and followed by GVHD manifestation in target organs such as gut, liver, and skin. In contrast, transplanted CD4 ϩ T EM cells did not proliferate in secondary lymphoid organs in vivo and despite their alloreactivity in vitro did not cause acute GVHD.
Discussion
Clinical GVHD in murine and human recipients displays remarkable tissue tropism involving primarily gut, liver, and skin. 6 The recognition of either major or minor histocompatibility antigens followed by cellular proliferation in lymphoid organs and infiltration of GVHD target organs results in serious tissue damage. In vivo BLI allowed a comprehensive visualization of cell migration and expansion in vivo, including the infiltration of GVHD target tissues. Ex vivo BLI enabled an even more precise localization of cellular infiltrates, which allowed specific sampling of BLIpositive tissues for histology and FACS analyses. For example, PPs, which had vanished macroscopically as a consequence of irradiation, suddenly became accessible to further analysis because of BLI-guided tissue sampling.
Analyses of lymphoid organs at early time points clearly demonstrated that expansion of CD4 ϩ T cells preceded CD8 ϩ T cells. Allogeneic T-cell activation occurred in several lymphoid organs. After initial down-regulation of CD62L, the gut-homing receptor ␣4␤7 integrin was up-regulated only on donor T cells in PPs, mLNs, and spleen. Occurrence of ␣4␤7 hi T cells in the spleen during GVHD onset was recently described. 16 In the spleen and in peripheral LNs ␣4␤7 hi CD4 ϩ cells represented only a small fraction. It is possible, that ␣4␤7 ϩ CD4 ϩ T cells were in transition through the spleen, since we did not see a dramatic increase of ␣4␤7 hi CD4 ϩ T cells. In contrast, the increase of ␣4␤7 hi CD8 ϩ T Animals that received allogeneic naive CD4 ϩ T cells and bone marrow all died of acute GVHD, either within 14 days or between days 40 to 60 after HCT. (E) Naive CD4 ϩ T cells of 8-month-old donor mice displayed similar proliferation and migration patterns as animals given transplants of whole splenocytes. Early gut infiltration is correlated with severe acute GVHD and early mortality. Although mice that survived more than 2 weeks after HCT show a decrease of the abdominal BLI signal, they displayed clinical signs of GVHD and persistent luc ϩ T cells in liver and skin measured by BLI. One representative animal is shown from the latter category surviving until day 55. Allogeneic CD4 ϩ TEM cells undergo only a very limited cell proliferation phase until day 6 and home preferentially to the liver. (F) Liver sample of an animal that had received naive CD4 ϩ T lymphocytes (day 6 after transfer) showed severe damage of the bile duct epithelia (arrow), indicative of grade IV GVHD of the liver. Dispersed in periductular and perivascular regions of portal triads, lymphocyte infiltration was observed (compare Figure 3N ). In addition, the liver samples of this group showed mixed fatty changes of hepatocytes and hydropic degeneration. (G) Liver samples of mice that had received allogeneic CD4 ϩ TEM cells of 8-month-old donors displayed intact bile ducts with a regular epithelial lining (arrow). No signs of inflammation were detected and hepatocytes looked normal, while only single lymphocytes were visible in perivascular regions. Images in panels F and G show hematoxylin-eosin stains at 200ϫ magnification.
cells from day 1 to day 6 could indicate active proliferation in the spleen itself. Interestingly, the peak of ␣4␤7 hi CD8 ϩ T cells in the spleen coincides with the onset of GIT infiltration by CD8 ϩ T cells between days 5 and 6. In GVHD target organs we observed direct cell contacts between CD4 ϩ and CD8 ϩ donor T cells at this time, which were suggestive of cellular interactions and potential synergisms. Nevertheless, separate transplantation of purified CD4 ϩ and CD8 ϩ T-cell populations into Balb/c reicipients both induced lethal acute GVHD. Thus, donor CD8 ϩ T-cell function was not dependent on donor CD4 ϩ T cells.
A prior study has suggested a critical role for PPs in GVHD induction in animals receiving either no or sublethal irradiation. 25 Early infiltration of PPs was clearly demonstrated in our study, resulting in activation of donor-derived T cells; however, this function was not exclusively observed in PPs as T-cell activation was also observed in other sites. Alloreactive gut-homing T cells did not arise in PPs only but were also found in large numbers in mLNs and spleen. However, peripheral lymph nodes such as iLNs and cLNs did not show the potential to prime donor T cells for alloreactive gut homing within the critical first 3 days of GVHD initiation. This is in accordance with findings of other groups that used T-cell receptor (TCR) transgenic mouse models in vitro and in vivo. [26] [27] [28] [29] An intravital microscopy study recently described that in addition to secondary lymphoid structures and classical GVHD target organs, nonclassical organs as kidneys, connective tissues, and brain were infiltrated by gfp ϩ donor cells. 30 In our study we did not find any bioluminescent signals in the kidneys or the brain during the entire observation period (up to 3 months). On the level of immunofluorescence microscopy, the kidneys were completely negative for donor-derived T lymphocytes. The only positive tissue in the head was found to be the NALT system. We never observed signals derived from the central nervous system itself. Furthermore, connective tissues were also completely negative for donor T cells on immunofluorescence microscopy and bioluminescence level.
Previous studies reported that memory T cells do not induce acute lethal GVHD, in contrast to naive T cells. [10] [11] [12] These observations were reported as comparable between minor and major mismatch transplantation models. Furthermore, memory T cells were shown to have functional graft-versus-tumor activity besides a variety of other immunologic functions. [10] [11] [12] In the present study we evaluated the trafficking and proliferation patterns of CD4 ϩ naive versus T EM cells in vivo. A likely explanation for the incapacity of T EM cells to induce GVHD could be their distinct trafficking patterns. Strikingly, both naive and T EM cells are potentially alloreactive in vitro. Of note, only T EM cells from aged donors but not from 8-to 10-week-old mice, the standard age group used in most GVHD studies, 11 were alloresponsive in the MLRs. Interestingly there was no difference in the naive T cells from young or old donors concerning their in vitro alloreactivity. It is conceivable that human T EM cells are more diverse than T EM cells of young mice kept in a laboratory setting. Foster and colleagues described in a recent paper that freshly sorted human memory T cells would be less alloreactive in vitro than naive T cells. 31 They described a statistically significant difference in proliferation comparing human naive CD4 ϩ T cells to CD4 ϩ T EM cells in MLR. 31 However, their data show that CD4 ϩ T EM cells do proliferate strongly upon in vitro allorecognition. In this light our MLR findings of alloreactive proliferation of CD4 ϩ T EM cells of aged animals are correlating well with their human data.
Furthermore, we found that the absolute number of T EM cells in the spleen increased with the age of the donor animals (A.B., S.S., R.S.N., unpublished data). Friedman et al 32 observed less GVHD when transplanting splenocytes from aged donors. A shift from naive T cells toward T EM cells in aged mice could explain their findings.
As a functional explanation for acute GVHD initiation, it seems very likely that access to secondary lymphoid organs is of critical importance. Naive CD4 ϩ T cells fulfill this property in contrast to T EM cells. Indirect evidence about the importance of lymphoid organs comes from studies demonstrating retainment of alloresponsive T cells to lymphoid organs during the initiation phase of GVHD. 33 In contrast, nonalloreactive donor cells had been found in the circulation soon after transplantation. Another important finding was described by Shlomchik and colleagues, who showed the capacity of host APCs to induce GVHD. 34 Murai and colleagues described that blocking the access to PPs could inhibit acute GVHD. 25 In this context our study highlights the importance for donor T cells to access secondary lymphoid organs to initiate GVHD, and gives further insights into the kinetics and timing of this process.
Other populations of CD4 ϩ T cells which coexpress CD25 (T reg ) cells have been shown by a number of groups, including our own, to suppress GVHD while not eliminating graft-versus-tumor responses. 8 Interestingly, only the CD62L ϩ subpopulation of T reg s were capable of suppressing GVHD in vivo, whereas both CD62L ϩ and CD62L -T reg s were capable of suppressing alloreactive T-cell proliferation in vitro. 35, 36 Therefore, it appears that regulatory cells need to access lymphoid organs to suppress GVHD. On the other hand, T EM cells are alloreactive in vitro, but do not proliferate in lymphoid organs in vivo and do not cause GVHD. Patients could potentially benefit from a cotransfer of T EM cells because of enhanced bone marrow engraftment, improved immune reconstitution, and possible increased graft-versus-tumor reaction without GVHD risk.
The present study advances the understanding of T-lymphocyte behavior after allogeneic HCT by characterizing in detail the trafficking patterns of T-cell subsets in vivo. Definition of the trafficking capacities of T-cell subsets will help to refine immune reconstitution therapies by avoiding the risk of GVHD and help to improve outcomes following allogeneic transplantation.
